However, the global structure of the TLC1 RNA remained coupled with in vitro enzymatic probing, we derived a unknown, which hampered the understanding of the secondary structure prediction of the Saccharomyces mechanism of the telomerase RNP biogenesis and funccerevisiae TLC1 RNA. This conserved secondary struction. Phylogenetic analysis of primary sequences is ture prediction includes a central domain that is likely amongst the most powerful tools to arrive at a working to orchestrate DNA synthesis and at least two accessory model for the secondary structure of RNAs [17][18][19]. This domains important for RNA stability and telomerase reapproach has been successfully used to establish seccruitment. The structure also reveals a potential tertiary ondary structures of the ciliate and vertebrate telomerinteraction between two loops in the central core.
S. cerevisiae strains (CSHY76) lacking the TLC1 and RAD52 genes and bearing the indicated plasmids (leftmost column) were grown for 100 generations on YC-TRP-LEU-URA medium to determine the ability of the TLC1 homolog-containing vector to complement senescence. Two independent transformants were selected for each TLC1 homolog. Subsequent growth on 5-FOA medium and on YC-LEU-TRP medium established plasmid dependence for survival. Plasmid pADCEN36 is used as positive control. Empty plasmid pADCEN26 is used as negative control. Viability is scored based on colony size after 3 days. Abbreviations: ϩϩ, growth rate similar to that of the positive control; Ϫ, absence of growth; ϩ, few senescing cells; ϩ/Ϫ, many senescing cells.
tral domain that is likely to associate with TERT/Est2p logs were inserted into pADCEN26, downstream of a transcription terminator region of the ADH1 gene. Conto orchestrate DNA synthesis, as well as at least two accessory domains important for RNA stability and telostructs containing the various cloned TLC1 loci were introduced into S. cerevisiae, which lacked its own TLC1 merase recruitment. Finally, a comparison of the proposed structure for the yeast RNA with those of the gene as well as the RAD52 gene (Table 1) . In this host, a disruption of both telomerase function by a deletion vertebrate and ciliate RNAs suggests that the central core element may have a conserved structural organiof the TLC1 gene and an abolition of the major recombination pathway by deleting RAD52 leads to progressive zation.
telomere shortening with an incidental loss of viability after 40-50 generations, called senescence [26] . Clearly, Results and Discussion except for the locus derived from S. bayanus, the genes from S. cerevisiae (S288C; positive control, as well as Identification of New Telomerase RNA Genes of Saccharomyces Species of the "Sensu SK1) and the candidate genes derived from S. paradoxus, S. cariocanus, S. mikatae, S. kudriavzevii, and Stricto" Group In order to elucidate the secondary structure of telo-S. pastorianus were able to complement the TLC1 disruption. Plasmid-loss experiments confirmed that commerase RNA in Saccharomyces cerevisiae, we identified strains in which the RNA sequences are close enough to plementation was dependent on the introduced loci (Table 1) . Work from the Lundblad laboratory has shown allow juxtaposition of homologous regions but diverge sufficiently to allow for covariation rates adequate for that the S. bayanus TLC1 gene, when present on a 2 m plasmid, can also partially rescue the telomere replicastructural prediction. Based on published sequence similarities, all species from the Saccharomyces "sensu tion defect of a S. cerevisiae tlc1-⌬ strain (A. Chappell and V. Lundblad, personal communication). The actual stricto" group were selected. These include S. cerevisiae S288C and its variant S. cerevisiae SK1, S. paradoxus, lengths of telomeric repeat tracts were not at the level of wild-type for all clones, suggesting incomplete com-S. cariocanus, S. mikatae, S. kudriavzevii, S. bayanus, and S. pastorianus. The latter, which is thought to be a plementation by some genes. We conclude that the cloned loci of all species can direct transcription of an natural hybrid between S. cerevisiae and S. bayanus, was included in order to increase sequence variability, at least partially complementing RNA in S. cerevisiae. Therefore, the heterologously expressed RNAs must mathereby increasing chances of covariation [24, 25]. Primary sequences of telomerase RNAs are known to diverge ture and fold into a similar structure as one of the host cells in order to be able to associate with the various significantly, even between closely related species [20, 21], and a direct amplification of the sequences from endogenous S. cerevisiae proteins to form an active RNP. the selected species proved unsuccessful. However, protein encoding sequences bordering the TLC1 loci are more conserved and underlying DNA sequences could be RNA Sizes and the Mature 5-and 3-Ends In S. cerevisiae, the TLC1 RNA is present in two distinct predicted more reliably, particularly for stretches of highly conserved amino acids of the respective proteins [25] .
forms: a less-abundant, polyadenylated transcript and a much more abundant, nonpolyadenylated form of about We took advantage of this fact and the relative compactness of yeast genomes to clone the complete TLC1 1200 nucleotides (nt) [5, 10]. The nonpolyadenylated species is thought to be the functional RNA present in loci from all the species mentioned above by using this nearest neighbor-based strategy (see Experimental Prothe RNP, and its 3Ј-end has been mapped to various positions after a Sm-protein binding element ([10, 27] cedures in Supplemental Data). The candidate homo-As expected, the major 5Ј-ends of the S. paradoxus and S. cariocanus TLC1 RNAs, the sequences of which are highly homologous to that of S. cerevisiae in this region, mapped to the same nucleotide position, indicating a conserved mature 5Ј-end for these three RNA species (Figure 1 and data not shown) . The determined 5Ј-ends of the S. mikatae and S. kudriavzevii RNAs are 17 and Taken together, our data establish the mature 5Ј-end (data not shown). Therefore, we designate this nucleoof the TLC1 RNA and suggest that a major 3Ј-end is located about ten nucleotides downstream of the contide as the "ϩ1" position of the S. cerevisiae TLC1 RNA. served Sm site. These anchor points allowed a robust sequence alignment of all RNAs and formed the basis for the structure prediction.
Establishment of a Secondary-Structure Model Based on Phylogenetic Analysis
In order to derive a secondary structure for the yeast telomerase RNA, we followed an iterative procedure consisting of sequence alignment, a computer-aided folding that predicts thermodynamically stable helices, and covariation searches (see Experimental Procedures). The overall similarities between the various RNAs and that of S. cerevisiae S288C ranged in between 59% (S. pastorianus) and 98% (S. cerevisiae SK1), which is within the optimal range for performing phylogenetic comparative analyses (Figure 1 and Table S1 ). We note that this primary sequence divergence of the TLC1 RNAs of the species in the "sensu stricto" group is comparable to existing data on these species [24, 25]. Thus, the TLC1 sequences determined here are consistent with the notion that S. cerevisiae is about equidistant to S. bayanus and S. pastorianus. While this work was in progress, whole genome sequences of two distantly related "sensu lato" yeasts became available (S. kluyveri and S. castellii [25] ). In order to determine the extent of homology between the "sensu stricto" and "sensu lato" telomerase RNA sequences, we searched for homologs in these genomes by using conserved sequence elements described above, including the predicted template sequences. We were able to identify a potential sequence for the S. castellii TLC1 RNA, but due to the increased primary sequence divergence, a reliable sequence alignment for the complete RNA was not possible (data not shown). In addition, chromosomal synteny in the region of TLC1 is not maintained between the "sensu stricto" and "sensu lato" species, and therefore, a cloning approach using the nearest-neighbor was not feasible for the other "sensu lato" species. This suggests that attempts to enhance the confidence of phylogenetic analyses on the predicted secondary structure of the TLC1 RNA for Saccharomyces species will require the identification of sequences in new "sensu stricto" variants or species or in depth biochemical mappings.
The overall predicted structure of the RNA comprises seven major helical domains organized around a central, multibranched loop (Figures 4 and 5) (designated helices I through VII). Helices I-VI emerge directly from the central loop, while domain VII is linked to domain I by a short, single-stranded region. The 5Ј-and 3Ј-ends of the RNAs are predicted to be in close vicinity, which is typical for noncoding yeast RNAs [28] . Helical segments within a domain can be considered very likely to exist 5) , which targets the template boundary element, a Figure 4 ). This very high conservation may suggest a conserved gion of TLC1 RNA was fully accessible to oligonucleotide hybridization and RNase H cleavage, even after function, but in the absence of covariation, it cannot be distinguished whether the function is supported by the RNA renaturation (oligo RH459, Figure 5 ). In contrast, helix IIa was only appreciably cleaved when the RNA predicted structure, a different structure, or a primary sequence. Other unsupported stems include VIIc and was denatured (oligo RH133, Figure 5 ). The clean cleavage patterns observed with these limited control sites VIId, which reside in close proximity to each other, and their structure, thus, at this point, also remained unclear also suggested that the in vitro RNA folding produces a fairly homogeneous RNA structure. Complementary (Figures 4 and 5) .
In order to clarify some of these uncertainties and to oligonucleotides targeting other specific regions of the RNA were thus used in subsequent RNase H experidirectly test the capacity of the RNA to fold in vitro, we probed in vitro transcribed TLC1 RNA of S. cerevisiae ments as outlined on the predicted structure in Figure  5 (cleavage patterns at selected sites are shown in Fig-S288C for RNase H accessibility by using specific DNA oligonucleotides targeting selected regions on the RNA.
ure 5B, and data not shown). Since the RNase H accessibility experiments were performed on in vitro transcribed The premise of this approach is that single-stranded regions will be accessible to binding by oligonucleotide and folded RNA, they do not necessarily provide direct indications for the presence or the absence of a given probes, leading to RNase H-dependent cleavage, while helical regions will not. We first probed two regions of structure by themselves. However, in the context of the predicted structure that is supported by phylogenetic almost certain structure to evaluate the fidelity of the approach and to establish controls for the quality of the analyses, such experiments can lend strong support for the proposed structure. More importantly, a disagreeRNase H cleavage reaction. The template region was chosen as a positive control for cleavage. This region ment between the biochemical and phylogenetic data flags problematic regions that need to be analyzed is likely to be single-stranded as it must be accessible for the association with telomeric DNA, and for other further.
In our prediction of the secondary structure of the telomerase RNAs, the region was previously shown to 1 and 4) . It is therefore temptPrecedence for an addition of large, yeast-specific, and ing to speculate that these loops interact with each other nonessential sequences to otherwise conserved nonto form a tertiary interaction. Intriguingly, this pseucoding RNAs is also provided by the spliceosomal U1 doknot structure would lie in an area that was previously and U2 snRNAs [34] [35] [36] [37] . Much of the yeast U1 and U2 shown to interact with the catalytic subunit of the yeast snRNA sequences are dispensable for function, and hotelomerase (Est2p, [12] ). A pseudoknotted structure in mologous sequences are absent from the vertebrate the vicinity of the predicted catalytic center comprising snRNAs. However, an important functional domain of the template region is also a conserved element for the yeast U1 snRNA folds into a structure that is highly similar to that of the vertebrate RNA [34, 36] . Given the vertebrate and ciliate telomerase RNAs [20, 23, 30]. Furdetailed structural organization of the yeast telomerase thermore, a similar pseudoknot at a presumably analo-RNA presented here, it will be interesting to determine gous position was found to be an essential element for whether a much smaller functional RNA with conserved the function of K. lactis telomerase RNA [31] . Given that structural domains can be derived. the yeast Est2p protein clearly has recognizable similarities to catalytic subunits of telomerases in other organConclusions isms [3], it would make sense that the associated RNAs
We present a detailed working secondary-structure would also display similarities. Thus, our structure is model for the large S. cerevisiae telomerase RNA. The also consistent with the presence of a tertiary RNA interstructure suggests subelements with functional similariaction forming a pseudoknot in the area of TERT/Est2p ties to the vertebrate and ciliate RNAs, as well as yeastinteraction. In the Saccharomyces RNAs, this pseuspecific elements. The prediction now allows for a dedoknot could be formed by an interaction of the terminal tailed molecular genetic and biochemical analysis of the loops of stems V and VI.
telomerase RNP in a genetically tractable system. Overall, the predicted structure could be divided into at least three functional regions. The first region is the 24. Fischer, G., James, S.A., Roberts, I.N., Oliver, S.G., and Louis,
